A complete active space valence bond ͑CASVB͒ method is proposed which is particularly adapted to chemical interpretation. A CASVB wave function can be obtained simply by transforming a canonical CASSCF function and readily interpreted in terms of the well known classical VB resonance structures. The method is applied to the ground and excited states of benzene, butadiene, and the ground state of methane. The CASVB affords a clear view of the wave functions for the various states. The electronic excitation is represented in a VB picture as rearrangements of the spin couplings or as charge transfers which involve breaking covalent bonds and forming new ionic bonds. The former gives rise to covalent excited states and the latter to ionic excited states. The physical reasons why it is so difficult to describe the ionic excited states at the CASSCF level with a single active space and why the lowest 1 1 B 2 ϩ state in cis-butadiene is so stabilized compared to the corresponding 1 1 B u ϩ state in the trans isomer are easily identified in view of a VB picture. The CASVB forms a useful bridge from molecular orbital theory to the familiar concepts of chemists.
I. INTRODUCTION
Recently, accurate ab initio quantum computational chemistry has evolved dramatically. The size of molecular systems, which can be studied accurately using ab initio methods is increasing very rapidly. Especially, multireference based perturbation theory, such as CASPT2 by Roos et al. 1 and our MRMP ͑multireference Mo "ller-Plesset theory͒, 2 has opened a world of new possibilities. It can treat real systems with predictive accuracy. Computational quantum chemistry is becoming an integral part of chemistry research. Theory can now make very significant contributions to chemistry.
The Hartree-Fock ͑HF͒ model has a conceptual simplicity based on the intuitive idea that individual electrons move independently in the average field of all other electrons. We can now easily go beyond the HF approximation by making use of the highly sophisticated methods such as variational CI, perturbational, and cluster expansion methods. However, in the quest for accuracy, we lose the simplicity of the HF picture. It is rather complicated to analyze correlated wave functions. It is probably for this reason that too often quantum chemists nowadays discard the wave function and merely report that their computations have reproduced the molecular structures, heats of formation, vibrational energies, dipole moments, etc. The main interpretative information, however, is included in the wave function. The aim of accurate computations lies not in lowering the energy of the system, but in understanding physical and chemical laws hidden behind the phenomena from the first principle of quantum mechanics. The interpretation of wave functions is the driving force of the present work.
Classical valence bond ͑VB͒ theory is very successful in providing a qualitative explanation for many aspects. Chemists are familiar with the localized molecular orbitals ͑LMO͒ and the classical VB resonance concepts. If modern accurate wave functions can be represented in terms of such well known concepts, chemists' intuition and experiences will give a firm theoretical basis and the role of the computational chemistry will undoubtedly expand.
In general, wave functions are invariant against linear transformations among the basis orbitals. The invariance affords a chemical interpretation of the molecular electronic distribution. Such a transformation may also contribute a useful bridge from the molecular orbitals ͑MO͒ to the familiar concepts of empirical chemistry and provide some insight into the nature of the electronic structure. In this paper, we will propose a CAS valence bond ͑CASVB͒ method which makes use of these invariant properties of the wave function.
The CASSCF 3 or FORS ͑full optimized reaction space͒ 4 method is an attempt to generalize the HF model to situations where the state-specific nondynamical correlation is important, while keeping the conceptual simplicity of the HF model as much as possible. It often generates far too many configurations but there are many advantages. Once the active space is chosen, the wave function is completely specified. It is size consistent and the wave function is invariant to the transformations among active orbitals. Although it does not include the transferable dynamical correlation, it provides a good starting point for such studies. The CASVB functions can be obtained by transforming the canonical CASSCF functions without loss of energy. First we transform the CASSCF delocalized MO to localized a͒ Author to whom correspondence should be addressed.
MO using the arbitrariness in the definition of the active orbitals. Then we perform a full CI again in the active space. Here, we also use the arbitrariness in the definition of the expansion configuration functions. The configuration functions used are the bonded functions based on the LMOs with the Rumer spin eigenfunctions. This form of spin eigenfunctions plays a special role in the VB method. The CASVB wave functions can be readily interpreted in terms of the well known classical VB resonance structures. The total CASVB wave function is identical to the canonical CASSCF wave function. In other words, the MO description and the VB description are equivalent, at least at the level of CASSCF. The CASVB method provides an alternative tool for describing the correlated wave functions.
Similar approaches have been employed by various workers. Lam et al. 5 showed that wave functions in FORS can be expressed in terms of localized configurationgenerating MOs which have essentially atomic character. Gordon et al. 6 extended the idea and used it successfully to study the high-valent transition metal complexes. They used the orthogonal spin functions generated by the KotaniYamanouchi branching diagrams. Also our method has some relation to the spin-coupled valence bond ͑SCVB͒ method of Cooper et al., 7 where the spin-coupled orbitals and the spincoupling coefficients are optimized simultaneously. Their LMOs are nonorthogonal while ours are orthogonal. Goddard et al. 8 have proposed the generalized valence bond ͑GVB͒ method. GVB has the advantage of compactness, as the wave functions are generally assumed to be formally purely covalent. However, GVB does not offer the clear relationship between the wave function and the various Lewis structure. Hiberty et al. 9 have also developed a general VB method and discussed chemical reativity and structure.
In Sec. II we will describe in more detail how to transform the canonical CASSCF wave functions to CASVB functions. Applications to benzene, butadiene, and methane will be discussed in Sec. III. A summary will be given in the final section.
II. CASVB METHOD
Let us consider benzene, as an example, with SϭM ϭ0, where S is the spin quantum number and M specifies the projection of the spin angular momentum along a Z axis. To describe the electronic structure of benzene, we first carried out a standard CASSCF calculation using a basis set of triple zeta quality plus double polarization, (4s3 p2d/2s1 p), taken from Dunning's correlation-consistent basis. 10 A regular hexagonal geometry is used for the ground and excited states with experimental C-C and C-H bond lengths of 1.397 and 1.084 A, 11 respectively. The six valence orbitals are in the order of energy: a 2u (1b 1u ), e 1g (1b 2g ), e 1g (1b 3g ), e 2u (1b 1u ), e 2u (1a u ), and b 2g (2b 3g ) in D 6h symmetry. The symmetry class in D 2h group is given in parentheses. They are designated by 3, 2, 1, 1Ј, 2Ј and 3Ј, respectively. The occupied orbitals in the HF approximation are numbered from the highest one down and the unoccupied orbitals from the lowest one up. The orbitals i and iЈ are called a conjugated pair and the well-known pairing properties are satisfied. The 1 and 2 are degenerate HOMO and 1Ј and 2Ј are degenerate LUMO. The active part of CASSCF formally can be written as
The six electrons are distributed among the six valence orbitals. We use the abbreviation (n,m) to define the active electrons and active orbitals. Here, n is the number of active electrons and m the number of active orbitals. (n,n) is referred to as a single active space. In the previous study 12 the effect of the enlargement of the active space was studied using the extended active space, where 6 electrons were distributed among 12 orbitals. This active space, (n,2n), is referred to as a double active space.
The CASSCF wave function is invariant against unitary transformations among active orbitals. Making use of this orbital arbitrariness, we can construct LMOs. Several approaches for transforming the delocalized MOs into LMOs have been developed. 13 We used here the Boy's localization procedure 14 to obtain LMOs. In Fig. 1 , one of the six LMOs of benzene is shown. The LMO nearly always turns out to be well localized on a single atomic center with small localization tails onto the neighboring carbons. Each LMO possesses an identical energy and shape and the LMOs can be transformed into one another by C 6 rotations. Each LMO resembles the atomiclike 2p function although it is deformed symmetrically towards the neighboring carbon atoms on each side. Although very atomic in nature LMOs are still MOs and therefore these LMOs are orthonormal. The localization tails come partly from this orthogonalization constraint. The deviation of the LMOs from the pure atomic 2p functions also reflects the mutual polarization of the electronic distribution placed in a molecule.
We now construct the bonded functions with the Rumer spin eigenfunctions based on the LMOs and the full CI is performed within the active space spanned by these bonded functions. That is, the CASSCF function is projected onto the space spanned by the VB functions. All possible configurations with the Rumer spin eigenfunctions are constructed from the active electrons. The phases of the VB structures are chosen such that all the overlap integrals between any two VB structures are positive. The energy obtained is, of course, identical to that of the canonical CASSCF. This procedure is equivalent to constructing the VB wave function by placing one electron in each orbital and then combining the spins so as to obtain states of proper spin and Pauli symmetry.
The Rumer spin functions are linearly independent but nonorthogonal to each other. For a system such as benzene of six spins with Sϭ0, there are five independent spin couplings. These are specified by the branching diagram or the standard Young tableaux. There is a one-to-one correspondence between spin couplings specified by the standard Young tableaux and the branching diagram symbols and the covalent VB structures. The five standard tableaux ͑arranged in the last letter sequence͒ and the spin couplings are given in Fig. 2 . The spin coupling in a configuration function based on a particular product is described by a system of parentheses coupling pairs of orbitals in the product. For a given number of electrons N and total spin quantum number S, there will be N/2ϪS pairs of orbitals in general, while the 2S orbitals remaining unpaired will be associated with dangling left parentheses. Either a left or a right parenthesis is associated with each orbital, and the coupling between them is determined by the usual conventions for associating nested pairs of parentheses in algebraic expressions. A coupled pair of orbitals ( i (•••) j ) occupying the ith and jth positions in the orbital product are associated with the spin factor
The weight of each structure in the VB wave function is sometimes taken as proportional to the square of its coefficient in the wave function. However, because the Rumer spin couplings are not mutually orthogonal, the electron density is not equal to the weighted sum of the density of the various structures. There are several other ways of assigning weights to VB structures. In this paper, we defined the occupation number n I for the VB structure I as n I ϭC I *͚ J S IJ C J , where the sum goes over all the VB structures. The C I and S IJ are the coefficient of the VB structure I and the overlap integral between structures I and J, respectively. The n I add to 1,
The n I give an estimate of the importance of the VB structure.
Our CASVB approach is related to the SCVB theory proposed by Copper et al. 7 In the case of benzene, for example, the spin-coupled wave function composed of five covalent structures is constructed from the nonorthogonal six orbitals with Rumer spin functions and the spin-coupled orbitals and the spin-coupling coefficients are optimized simultaneously. The orbitals thus obtained are localized on a single atomic center. Then, the spin-coupled wave function is improved through the nonorthogonal CI by adding singly, doubly, and higher order excited configurations ͑structures͒ constructed from the spin-coupled orbitals. This is equivalent to introducing the ionic structures to the classical VB wave function composed of covalent structures. When the SCVB wave function includes all possible distributions of the n valence electrons among the n valence orbitals, the result is referred to as full-valence SCVB. This is almost equivalent to the CASVB for n electrons in n orbitals. However, the variational principle tells us that CASVB gives always lower energy than SCVB. Only when the spin-coupled orbitals in a CI expansion are reoptimized simultaneously with the coefficients, the full-valence SCVB becomes identical to the CASVB with a single active space. More extensive nonorthogonal CI can be used to improve the full-valence SCVB by making use of the virtual spin-coupled orbitals. This procedure corresponds to the extension of the active space in the CASSCF method. The principal difficulty with the use of SCVB must be in working with nonorthogonal orbitals. Comparison between CASVB and SCVB results on benzene will be made in the next section.
III. RESULTS AND DISCUSSIONS

A. Benzene
Ab initio VB calculations on benzene reported in the literature have been carried out using no more than minimal basis sets. 15, 16 Very recently da Silva et al. 17 have applied SCVB theory to benzene and studied the electronic structures of its ground and excited states. As discussed previously, 12 benzene is an alternant hydrocarbon and the pairing properties are satisfied even at the CASSCF level. These one-electron symmetry properties were first utilized by Pariser 18 who distinguished the states as so-called ''plus'' and ''minus'' ones. Due to the well known relation of the orbital energy, ⑀ i ϭ Ϫ⑀ i Ј ϩ constant, the energy of the configuration obtained by exciting an electron from the orbital i to the jЈ is equal to that obtained by excitation from j to iЈ, even with the inclusion of electronic interaction. The linear combinations of the two degenerate configurations generate the minus ͑Ϫ͒ and plus ͑ϩ͒ states.
The ground 1
is well described by the HF configuration and classified into a minus covalent state. In the VB treatment, there are 22 different types of bonding schemes with 175 structures in benzene and these are given in Fig. 3 . Each of these bonding schemes gives rise to a linearly independent symmetry function. The number in parentheses in the figure shows the number of equivalent structures in the 1 A 1g symmetry. There are five covalent VB structures, two Kekule ͑R 1 and R 4 ͒ and three Dewar ͑R 2 , R 3 , and R 5 ͒ structures. In Table I we present the structure occupation numbers for the ground state of benzene. For comparison, previous results obtained by Tantardini et al. 16 are also listed in the table. The leading VB structures with their structure occupation numbers for the ground and valence →* singlet excited states of benzene are shown in Fig. 4 .
We arranged the VB structures roughly in three groups according to their character. The first group includes two Kekule covalent structures and the singly and doubly polar structures originated from the Kekule structures. The second group contains the Dewar covalent structures and their singly and doubly polar structures. The ionic structures where an electron is transferred between orbitals centered on nonadjacent atoms are classified into the third group. The gouping is not strict for it is rather difficult to know the origins of doubly and triply polar structures, but the grouping is useful to discuss the character particularly of the excited states.
The ground state of benzene
There is an interesting contrast between VB and MO descriptions. In MO theory the aromatic character of benzene is explained in terms of delocalized orbitals. In classical VB theory, benzene is described as a mixture of the two Kekule structures. It is called a resonance hybrid. 19 The ground state of benzene is classified into a covalent state in view of the alternant hydrocarbons. The present CASVB description shows that the most important contributions come from the 2 Kekule, 3 Dewar, and 24 orthopolar ͑an electron is transferred from one orbital to that centered on an adjacent atom͒ structures. The occupation number of Dewar structures is about half of that of the Kekule structures. However, the occupation numbers for individual structures in Table I indicate that the Kekule structure is the most important and the next important is the Dewar structure in agreement with that One of the aspects of the present method is that this state, though largely covalent, displays a somewhat greater degree of mixing with ionic structures. Note that there is no net charge on any carbon atom. The requirement of ionic structures is due mainly to the fact that the LMOs are orthogonal to each other and not allowed to distort on molecular formation. The ionic structures partially compensate for this. If the orthogonality condition is relaxed and LMOs are reoptimized, the contribution from the ionic structures is expected to be reduced. In fact, Cooper et al. 7 found that the contributions of ionic structures are less significant in their spin-coupled wave function, where the spin-coupled orbitals and the spin-coupling coefficients were optimized simultaneously.
Singlet ˜* excited states of benzene
Now let us discuss the CASVB description of excited states. Table II summarized the excitation energies reported previously. 12 We included results calculated by CASSCF and MRMP with single and double active spaces. For comparison, we only listed SCVB results by da Silva et al. 17 There are many MO calculations on the excitation energy of benzene. But the comparison is not the aim of the present paper and they are not cited here.
The excited states of benzene were discussed in detail elsewhere, 12 so only a brief survey of the main features and results follows. The excited states of benzene are classified into the covalent minus states and ionic plus states with the use of the alternancy symmetry. The covalent minus states and ionic plus states exhibit different behavior as far as the electron correlation is concerned. In a MO treatment, the electronic excited states can be described in terms of singly, doubly,..., excited configurations constructed from occupied and unoccupied delocalized orbitals. The ionic plus states are dominated by the single excitations but covalent minus states include a large fraction of doubly excited configurations. It is now well known that the dynamic -polarization effects are significant for the ionic plus states since ionic configurations strongly polarize the space. These effects which are almost completely neglected in the CASSCF with -active orbitals, are taken into account by the second-order perturbation treatment in MRMP. The dynamic -polarization effects on covalent excited states are usually the same as in the covalent ground state. In general the excitation energies of ionic plus states are overestimated considerably at the CASSCF level and the introduction of dynamic -polarization effects through the second-order perturbation reduces the excitation energies drastically, leading to a good agreement with the experiment. In addition, the enlargement of the active space of the CASSCF functions has proven to represent a great improvement of the description of the ionic states while it has a minor effect on the covalent excited states.
The VB description give a quite different picture for the excitation from the MO description. Excitation process is represented in VB theory in terms of the rearrangement of spin couplings and the charge transfer. The former generates the excited states of covalent nature and the latter gives rise to the ionic excited states. There is a one-to-one correspondence between the covalent VB structure ͑the covalent perfect pairing structures͒ and the spin couplings. Thus the rearrangement of spin couplings leads to the shift of the dominant VB structures reciprocally among the covalent VB structures. For example, the Kekule structures (R 1 ϩR 4 ) are the dominant terms in the ground state of benzene but other covalent VB structures become dominant in the covalent excited states.
In the latter case, an electron transfers from one orbital to that centered on the other atom within a covalent bond. That is, the covalent bond is broken and a new ionic bond is formed. Thus the singly, doubly, ... polar structures are generated from their ''parent'' covalent ͑nonpolar͒, singly, ... polar structures of the ground state, respectively. This implies that there is no mixing with the nonpolar covalent structures in the purely ionic excited states. The structures with highest ionicity are the triply polar ones in benzene. These structures have considerable contributions to the description of the ground state. Table I shows that the triply ionic VB structures of XXII are rather important. However, the completely ionic structures cannot polarize any more in the present level of approximation. This causes a considerable error for the description of the ionic excited states. In the present treatment we distribute six electrons among six orbitals and thus obtain six LMOs. More LMOs such as diffuse LMOs, must be prepared to help the polarization if we want to obtain more accurate description. This implies that the active space needs more flexibility. This is the reason why CASSCF with a single active space provides a rather poor description of the ionic excited states.
The dipole transition moment between any two plus states or between any two minus states is zero in view of the pairing property. That is, only transitions between plus and minus states are allowed ͑all-trans-polyenes and polyacenes have a center of symmetry which gives rise to the selection rules: only u→g and g→u transitions are allowed͒. In a VB picture, the dipole transition moment between any two structures with one ionicity difference are nonzero. For example, a covalent structure has the nonzero transition moment only against its singly ionic structures.
The lowest singlet →* excited state was computed to be the 1 B 2u Ϫ ( 1 B 3u Ϫ ). The 1 B 2u Ϫ state is mainly described by HOMO→LUMO configurations of 1→2Ј and 2→1Ј but also includes a considerable amount of doubly excited configurations in a MO treatment. The present CASSCF gives the excitation energy of 4.82 eV. MRMP predicts it appears at 4.71 eV which shows a good agreement with the experimental value of 4.90 eV. 20 The state has a covalent nature and the -polarization effect is almost similar to that in the ground state. The 1 B 2u Ϫ state is described in a CASVB picture predominantly by a combination of the covalent Kekule and the corresponding orthopolar structures of type III. As mentioned above, two Kekule structures mix with different sign, (R 1 ϪR 4 ). This is true for the ionic structures. Note that the ratio of occupation numbers between the Kekule structures and the singly ionic structures is similar to that of the ground state. Shaik et al. 21 called the ground and the 1 B 2u Ϫ states of benzene as ''twin'' states in their Kekule-crossing model to explain the anomalous behavior of the b 2u modes in the 1 1 B 2u Ϫ state. The plus and minus combinations implies that the spin couplings are quite different between these two states. There are no significant contributions from the Dewar structures and the corresponding orthopolar structures ͑IV͒.
Second, →* excited states of benzene is the 1 B 1u ϩ ( 1 B 2u ϩ ). The state is dominated by singly excited configurations arising from degenerate HOMO→LUMO excitations of 1→1Ј and 2→2Ј in a MO picture. Thus the state has an ionic nature. The excitation energy calculated by CASSCF with a single active space is 7.91 eV. The introduction of the -polarization effect reduces the excitation energy dramatically. The transition energy computed at the MRMP level is 5.83 eV. However, it underestimates the observed value of 6.20 eV 20, 22 by 0.37 eV. MRMP with a double active space represents a great improvement over that with a single active space. The calculated transition energy of 6.14 eV is very close to the experiment. Accurate description of the ionic states needs flexible active space as mentioned above.
It is seen from Fig. 4 that the state is described by a number of ionic structures. There is no contribution from the covalent structures. The leading ionic structures are the doubly polar structures. These structures come from the orthopolar structures of the ground state. Thus one of the remaining covalent bonds in the VB structures of III is broken and the plus and minus charges are generated so as to favor the electrostatic interactions as much as possible. The next important structures are the orthopolar structures, which originate from the two Kekule structures of the ground state. The parapolar structures must come from the Dewar structures of the ground state. That is, the long bond of the covalent Dewar structures has been broken and the plus and minus charges are put in para positions. Thus the relative ratios of the occupation numbers of these three leading polar structures are similar to those of the corresponding parent structures in the ground state. The occupation numbers for individual structures indicate that the most important is the triply polar ͑completely ionic͒ structures although the total occupation number is not large. The transition to this state is dipole forbidden. This can be identified qualitatively from the fact that the main structures of the ground state are the nonpolar Kekule structures while the 1 As shown above a VB description gives the picture quite different from a MO description. The CASVB description has the advantage in affording a clear view of the nature of various states. The covalent states can be described mainly by the covalent VB structures with smaller contributions from the ionic structures. On the other hand, the ionic structures are represented purely by a large number of VB polar structures. There is no mixing with the covalent structures. Now let us make a comparison between our CASVB results and SCVB results of da Silva et al. 17 given in Table  II . Although the basis sets used are different, SCVB with full 175 VB structures yields very similar excitation energies to the present CASVB ͑CASSCF͒ with a single active space as expected. Also SCVB plus single, double, and triple nonorthogonal CI results are essentially the same as the CASSCF results with an extended active space. It is worth emphasizing that the present CASVB is much easier to calculate and more flexible for improvement than SCVB. da Silva et al. concluded in the paper 17 that CASSCF is not necessarily a best prelude to a more extended treatment since it is poor at describing the ionic excited states. We do not agree with this view. The CASSCF wave functions can easily be analyzed in the canonical form and/or in the present CASVB form. CASSCF is not accurate enough from the energetical point of view since it does not include the dynamical correlation. However, the deficiency can be remedied through variational CI or perturbational treatments such as MRMP. We believe that CASSCF is a good prelude to more accurate treatments.
B. Butadiene
Although benzene is the most popular molecule treated in classical VB theory, benzene is a unique molecule due to its high symmetry. Butadiene is a good molecule to examine the usefulness of CASVB. CASSCF functions computed with a single active space ͑4,4͒ and the (3s2 p1d/2s) basis were transformed into CASVB functions. The experimental geometry was used for trans-butadiene. 24 As to the excitation energies, we will refer to our previous CASSCF and MRMP results computed at the higher level of theory ͑MRMP with a double active space and (5s4p3d/3s2 p) basis͒. 25 We also calculated cis-isomer for comparison. For cis-butadiene, we used the geometry optimized at the CASSCF level.
Four LMOs of trans-butadiene are shown in Fig. 5 . The LMOs are well localized again on a single atomic center with small localization tails onto the neighboring carbons. Each LMO resembles the atomiclike 2p function. However, it has lost the symmetry of the 2 p function due to molecular polarization. A pair of LMO forming a bond in the ground state repel each other and their lobes lean toward the outside of the bond. CASVB descriptions for butadiene are shown in Fig. 6 . Excitation energies are summarized in Table III . In Fig. 6 the upper value at each VB structure is the occupation number for trans-butadiene and the lower one in the parentheses is that for cis-isomer. There is no significant difference in CASVB description between trans-and cis-butadiene except for the 1 1 B u ϩ (1 1 B 2 ϩ ) states. For butadiene, four singly occupied orbitals lead to two linearly independent VB structures, Kekule-type (R 1 ) and Dewar-type (R 2 ) structures. The ground state is mainly comprised of the Kekule-type structure with a smaller contribution from the Dewar-type structure. The simple picture can be written as
The ground state, though largely covalent, includes contributions from a fairly large number of ionic structures. Considerable contributions come from the two singly ionic structures
where one electron is transferred in the ethene units. Note that considerable contributions come from the completely ionic structures. This suggests also that the excited states of ionic nature cannot be described well at the CASSCF level with a single active space.
The 2 1 A g Ϫ state is also of covalent nature. In a MO treatment, the state is described by a significant contribution from the singly excited configurations of 1→2Ј and 2→1Ј and the doubly excited configuration of ͑HOMO͒
2
→͑LUMO͒
2
. No definitive experimental data are known on the hidden 2 1 A g Ϫ state. MRMP predicted that the transition occurs at 6.31 eV above the ground state. In a VB description the state is expressed predominantly by a Dewarlike structure with a small mixing with the Kekule-type structure
The spin coupling is different from that in the ground state. The predominant Dewar-type structure suggests that the inversion between single and double bonds will occur upon excitation to this state. This Dewar-type structure comes from the coupling of two simultaneous triplet excitations in ethene units to form an overall singlet spin state. The next important contribution arises from the ionic structures
The central covalent bond of the Dewar-type structure is broken and a new ionic bond is formed. The occupation numbers of the respective parent structures are almost the same, which is passed on to their offsprings. A VB analysis suggests a change in the stability of this state when proceeding from the trans to cis isomer relative to rotation about the central C-C bond. The first ionic structures shown above have similar stability in the trans and cis isomers since the electrostatic interactions can be assumed similar. However, the geometry of the cis isomer preferentially stabilizes the second type of ionic structures where the distance between the charged ends is greatly reduced. This was pointed out very early in the paper by Cave and Davidson. 29 In order to identify this, we also performed MRMP calculations on the cis isomer with a double active space and (5s4p3d/3s2 p) basis set. MRMP yields that transbutadiene is more stable by 2.76 kcal/mol than the cis isomer. Note that the leading VB structures of the 1 1 B 2 ϩ state in cis-butadiene turn out to be
with the occupation number of 0.2146. It is seen from of particular interest because of its relevance to 11-cis-retinal which contains cis-butadiene unit as a fragment. Further work on retinal will be reported in the future.
C. Methane
Methane is also a molecule to which VB theory was applied in ab initio treatment. 30 It is thus possible to compare the present CASVB calculations with the previous ones. A tetrahedral geometry with a CH bond length equal to 1.091 A was used. The basis set used is the double-zeta plus polarization, (3s2p1d/2s1p) taken from Dunning's cc-pVDZ. 10 With the restriction that the 1s orbital of carbon remains doubly occupied, the eight valence electrons are treated as active electrons and distributed among eight valence orbitals ͑2a 1 , 1t 2 , 2t 2 , and 3a 1 ͒ resulting from carbon 2s and 2 p and hydrogen 1s orbitals in CASSCF. The energy obtained is Ϫ40.279 934 hartree.
Boys' procedure yields four pairs of LMOs. Each pair comprises an orbital predominantly localized on the carbon ͑Ϸcarbon sp 3 ͒ and a second orbital predominantly localized on the hydrogen ͑Ϸhydrogen 1s͒. A pair of these LMOs is shown in Fig. 7 . The localization is not complete and it is seen that the localization tails remain on the other atom of the bonding pair. The number of linearly independent symmetry structures belonging to A 1 irreducible representation of the T d point group is 104. The important VB structures and their occupation numbers are given in Fig. 8 . We arranged the VB structures in the order of decreasing occupation numbers for individual structures. Thus, the most important structure is a structure with four covalent bonds. Next are two VB structures with three covalent bonds and one ionic bond. Then follow the structures with two covalent bonds and two ionic bonds. Occupation numbers formed from first four structures yield about 0.6. The leading structures given in Fig. 8 indicate some general features on the importance of each VB structure. The most important factor is the number of CH bonds whether covalent or ionic. For the ionic structures, a structure including highly charged atom becomes unfavorable. A structure with carbon negative is better than carbon positive. These features are consistent with the commonly accepted concepts.
The previous ab initio VB calculation on methane was carried out by Raimond et al. 30 They used a STO minimal set and got an energy of Ϫ40.207 63 hartree which is much higher than the present calculation. However, the tendency mentioned above was also observed in their simple VB wave function although they did not give the structure occupation numbers.
The linear combinations of a pair of carbon sp 3 hybrid and hydrogen 1s orbitals generate a CH bonding ͑͒ orbital and its antibonding ͑*͒ orbital as shown in Fig. 9 . These bonding and antibonding orbitals correspond more closely to the chemist's notion of discrete two-electron bonds. Based on these LMOs, we carried out the full CI calculations within an active space. The wave functions are no longer VB functions. We refer to this approach as the CAS-LMO-CI method. The method is very similar to that proposed by Gordon et al. 6 The only difference is that we are using the Rumer spin functions.
There is an alternative way to define a bonding orbital and its antibonding orbital. When the HF is a good approximation, we can group active orbitals into strongly occupied orbitals and weakly occupied orbitals from their occupation numbers. If the localization is performed separately among strongly occupied orbitals and among weekly occupied orbit- als, we can obtain bonding and antibonding orbitals, respectively. The CH bond of methane is a nonpolar bond and both definitions yield very similar results but in the case of a polar bond the latter definition may have some advantages. Table IV lists the first five configurations and their configuration occupation numbers. Configurations are arranged again in order of decreasing occupation number of individual configurations. Occupation numbers formed from first five configurations yield over 0.996. Thus the CAS-LMO-CI approach provides a very compact and clear description of electronic structure of methane. As expected the configuration is predominantly the one with all four CH bonding orbitals doubly occupied. Next are the intrabond doubly excited configurations where two electrons are transferred from one CH bonding orbital to the corresponding antibonding orbital. Then follow the configurations of the interbond single excitation. Thus CAS-LMO-CI also provides an alternative tool to examine the wave function in view of the familiar chemical concept.
IV. SUMMARY
A CASVB approach has been proposed and applied to benzene, butadiene, and methane. Results demonstrate the validity of the CASVB method as a powerful tool for describing the various states of molecules. The main message of this article is that one can obtain a CASVB wave function simply by transforming a canonical CASSCF function without any loss of energy. This implies that MO and VB descriptions are equivalent at the CASSCF level of theory. The CASVB provides greater insight than other MO based methods, yet the methods are complimentary, each one providing different perspectives that arise from identical total densities and total energies. Chemists are familiar with LMO and the classical VB resonance concepts which can be found in any organic chemistry textbook. The CASVB forms a useful bridge from molecular orbital theory to the familiar concepts of chemists. 
